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The Lattice Energy of Nitroeen Pentoxide

R. M. Curtis and J. N. Wilson

Shell Develepment Company
Emeryville, California

Introduction

4s an ionic crystal NpOg is unusual in several respects. It possesses
a layer structure in which each ion is surrounded by only three neighbors of
opposite charge rather than the more usual coordinations sphere of six or eight
neighbors.The heat of formation is quite small, the vapor pressure is high (50mm
at 0°C) and the gaseous molecule is covalent rather than ionic. These factors
plus the possible effects of charge distribution within both cation and anion
indicate NzOs to be a particularly interesting example for application of the

- ionic model of lattice energy. :

The Heat of Formation of NO37

In applying the Born-Haber cycle to NoOg to determine the lattice
energy it is found that the heat of formation of the nitrate ion is the only
quantity for which an experimental value is not available. This quantity is
obtained from calculated lattice energies of the alkali metal nitrates., Values
ranging from -78(1) to -85(2) nave been reported of which the average of -8k
kcal/mole due to Ladd and Lee(2) is probably the most reliable. 1In all these
evaluations of the nitreste ion heat of formation,a simplified crystal structure
is implied in which the nifr?te group is treated as a point charge ion. 4l-
though Topping and Chapman{3/ considered NO3 as N*S50572 in NalNOz we have felt it
desirable to consider a variable charge distribution in at least one case, CsNOg,
where more recent data are available.

Since the nitrate ion is not spherically symmetric, the value calcu-
lated for the heat of formation of nitrate ion frcm a lattice energy will depend
in general on the charge distribution assigned within the ion. If the charge
distribution on the ion in the crystal differs from that in the free ion, then
the calculated heat of formation is likely also to be different in scme degree
from the true heat of formation of the free ion. Nevertheless, if the charge
distribution does not change appreciably from one nitrate crystal to another, a
lattice energy calculated for NoOs or some other nitrate from the Born-Haber
cycle should still be meaningful.

Cesium nitrate crystallizes at rocm temperature in a hexagonal(h)
lattice but the structure has not been determined. Above 160°C it exists in a
cubic modification containing eight molecules per unit cell. The structure of
this form is known(S) and is the basis for calculation withk later correction
to 25°C. The electrostatic energy of CsNO; was computed(s) for several assumed
nitrate ion charge distributions and after correcting for the electrostatic
self energy of the ion the results were fitted with a second degree equation in
X, the nitrogen atcm charge, giving the Coulomb energy

Ec = -150.40 + 0.534X - 0.979%2 K cal/mole. (1)
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This method of calculating the Madelung energy appears to be much simpler and
faster than that of deriving an analytical function of point charges and multi-
pole terms especially with more ccmplex structures.

Equation (1) is relatively flat between the 1imits x = +1 and x = O
which correspond, respectively, to a simple resonance hybrid for the nitrate

. ion and to placing the unit negative charge on the oxygen atoms with a neutral

nitrcgen atom, The exact value assumed for the charge distribution is thus
unimportant. We shall assume x = 0,17 based on a molecular orbital treatment(7)
which leads to E, = -150.3 Kecal/mole., This is almost exactly the value E, =

.=150,5 obtained gy assuming a simple moncmolecular unit all of the CgCl type
with interatomic distance r =3.89A.

The non-electrostatic terms include the van der Waals, polarization \
zero point, and repulsive energies. For the van der Waals terms Ladd and Lee(zl
obtained 6.8 and 0.8 Kcal/mole corresponding to the dipole-dipole and dipole-
quadrupole energies based on the simple CgCl pseudocell, A more elaborate cal-
culation of these terms is possible but does not seem justified. We have choosen
to neglect the polarization energy. A preliminary calculaticn in the case of
Nz05 revealed .the centribution from this term to be quite small and a similar -
result is expected for CgNOs. For the zero point energy a value of 1 Keal/mole
is assumed.

For the compressibility, B, Ladd and Lee report a value of 4.6 x 10732
e /dyne, apparently for the cubic modification, based on data fram Bridgman.(e)
Qur own extrapolation of Bridgman's results leads to B = 5.0 foo2x 107 2crf fdyre
for the room temperature (hexagonal) form and we are aware of no direct measure-
ments on the high temperature farm. However, t?e structural difference between
the two forms of CgNOgz is apparently not great 4) and there is no recourse but
to apply the rocm temperature value of B to the cubic form., In order to correct
this value of {3 to 167°C appropriate to the lattice parameters determination we
assume a temperature coefficient 14dp =6 x 10~% deg-1 similar to that for

g dT
the alkali halides. Accordingly, at 167°C, 8 = 5.4 x %0"12 em/dyne and the
repulsive energy, following the Ladd and Lee treatment 9)is 9.3 Kcal/mole. Thus
at 167°C the total energy is ~150.3 = 6.8 ~ 0.8 + 9.3 + 1.0 + Etp= -14T.6+Ey Keal
where Et, is the thermal (v%brational) energy. Integration of the heat capacity
equation given by Kelley(1° between 25 and 167°C gives the difference in heat
content of 4.5 Kcal. The Debye temperature for CsNOj is probably quite small
compared to 167°C so that Ety ~ 6RT = 5.7 Kcal/mole. Using SRT as the heat
content of the gas ions at 298°C and cambining terms the standard heat reaction
is:

Cs T(g) + N0z “(g) = CgNOs(c); AHags = ~147.6 - k.5 + 5.7 = 3.0 = Keal/mole.
Frcm the Born-Haber cycle using as st?ndard heats of formation AHf(Cs+)

= 110.1 Keal{1) ) AHp(CsNO3) = -121.5 Keal{1212) and the above heat of reaction,
one finds AHf (Nos~§ = -82.2 Keal/mole with an estimated uncertainty of - 1 Keal.
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If the heats of formation of RbNOg and CgNOg are revised @by -0.5 and -3.k Keal
respectively, Ladd and Lee's determinations of AHp(NO3) become -86.5 and 85.k4
Keal/mole.

The Lattice Energy of N»Og

: Applying th%uSorn—Haber ¢ycle to 1 V205+w1th Mp(NO*) = 233.5 i0.6(13)
M (N205)c = -10. o, 37 and MHp(NO3™) = ~82.2 =1 from above gives as the heat
of formation from the gas ions at room temperature a value pH = -161.3 o,
This value may be taken as the lattice energy at 0°K with an added error not
exceeding 0.5Kcal.

Based on the known structure(14) the Coulcmb energy for N»Og was cal-
culated, as with CgNOj, by assuming specific charge distributions in the ions
NOz* and NO;~, correcting for the self energy and fitting the results with a
" quadratic equation in X, the nitrate N atom charge and ¥, the nitronium N atom
charge. Thus:

E, = -150,65 - 5.20X - 10.63Y + 2.278X% + 1.694XY - 1,520¥2. (2)

There is evident in equation (2) a far greater dependence on charge
distribution than exists in equation (1). Examples of the Coulcmb energy for
several conceivable charge distributions are given in Table 1.

Table 1. CCULCMB ENERGY OF N-Og

Configuration N étom Charge 1n Coulomt Energy
: NO NO> Eo
(x) (Y)
Minimum value of E, 2.02 -2.37 -143.3
Point charges A 1 -157.0
Neutral nitrogen 0 0 ~150.7
Resonance bond 1 1.67 -172.7
Molecular Orbital(7) - 0.17 0.58 -158.0

The minimum value of E., while having no apparent physical significance, indi-
cates the least energy that can be associated with this particular hexagonal
structure. The most reliable result is probably that from quantum mechanics,
the last entry in Table 1. This energy is surprisingly close to that for the
point charge configuration.

In the derivation of equation (2) it was assumed that the self energy
of each ion and hence the charged distribution and interatomic distance are the
same in the free state and in the crystal., It is quite possible that a real
difference exists for the ions in these two states. There is evidence,\1S
for example, of a charge shift in the nitrate ions of molten alkali metal
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nitrates depending on the cation polarizability and an even greater shift is
expected in going to the isolated ion., Unfortunately no quantitive estimate of
this effect is available but it should be noted that the results leading to
equation (2) indicate that a difference of only .0l units in charge between gas
and crystal ions can lead to 10 Keal difference in Ea.

) Errors arrising from such effects are probably small for the nitrate
ion, since its heat of formation was obteined from a lattice energy. The heat of
formation of NO', however,is obtained frcm the ionzation potential and heat of
formation of NOz(g);in this case no cancellation of error occurs.The agreement
between calculated and observed heats of formation suggests that the error frem
this effect is probably small for both ions.

The complexity of NxOg and the absence of compressibility or elastic
constant data precludes any reliable calculation of the non-electrostatic terms
in the lattice .energy. It would be desirable to sum the repulsive energy over
near pairs of atoms but repulsive parameters for N and O atoms are not well
established and doubtless depend on the charge density at each atom. Estimates
of the van der Vasdls energy face similar difficulties. In consequence only an
approximation is possible. In the simple Born-Mayer expression 18) for lattice
energy the total non-Coulomb contribution is given by pEc/R in which p is the
exponential repulsive parameter and R is the interionic distance. The pare-
meter p is often taken as 0.345 A but is xnown(17) to range from at least 0.27
to 0.47. The minimum interionic distance in N»Og between nitrogen atoms of
the two ions is 3.124 for R.This is doubtless too small and a more effective
value for R is the sum of the ion radii following Kapustinskii{®) Teking
r(N02+) = 1.3A from Grison et 31(14? and r(NO3 ) = 1.94 from Vaddington(1®
gives .545EC/R = 17 Keal. This estimate is still 1likely to be too large in that
it tends to estimate the repulsive energy rather than the total non-Coulomb
energy. In the erse of Cuif03 = similcr estimete exceads the Sum of tac repul-
sive und van der Yaals energies by a factor nine. An examination of the alkali
halides reveals a gradual cancellation of the repulsive and van der Vaals terms
as the ion sizes increase until with CgI the sum of these two terms is nearly
zero. Since the ions in N;Os aporoximate in size to the heavier alkali and
halide ions it would appear that here too there is likely a near cancellation
of non-electrostatic terms. The principal evidence that the non-electrostatic
energy is small in NyOs, however, is the close agreement between the experimental
lattice energy of -161 Kcal and the Coulomb energy valves in Table 1.

It was remarked earlier that an approximate calculation had been made
of the polarization energy in NzOg. This estimate is well under 1 Kcal/mole
and thus polarization may be neglected. The sum of the repulsion and dispersion
energies, based on the preceeding comments, is not likely to exceed 10 Kcal and
may be much smaller. As an estimate we take 5 - 5 Kcal. Equating the lattice
energy to the thermal value indicates a required Coulomb energy of Eg; = ~166= 5
Kcal/mole. In terms of equation (2) this value for E, cannot be used to estab-
lish a unique cgarge distribution but lgads to rather broad limits such as
X¥=0,Y¥=12Z0k4orX=1, Y=1.1 0.k The most reliable assignment of
charge is that from quantum mechanics and the value of E, from this charge +
assignment, -158 Kcal/mole in Table 1,is close to the required range of ~166 - 5
Kcal/mole,
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In view of the possibility of a significant energy difference associated with
the free and lattice bound ions this agreement is quite satisfactory.
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